In this paper we determine the constraints on cosmological parameters using the CMB data from the W experiment together with the recent power spectrum measurement of the SDSS Luminous Red Galaxies (LRGs). Specifically, we focus on spatially flat, low matter density models with adiabatic Gaussian initial conditions. The spatial flatness is achieved with an additional quintessence component whose equation of state parameter w eff is taken to be independent of redshift. We do not allow any massive neutrino contribution and also the influence of the gravitational waves on the CMB is taken to be negligible. The analysis is carried out separately for two cases: (i) using the acoustic scale measurements as presented in Hütsi (2006), (ii) using the full SDSS LRG power spectrum and its covariance matrix. We are able to obtain a very tight constraint on the Hubble constant: H 0 = 70.8 +1.9 −1.8 km/s/Mpc, which helps in breaking several degeneracies between the parameters and allows us to determine the low redshift expansion law with much higher accuracy than available from the W + HST data alone. The positive deceleration parameter q 0 is found to be ruled out at 5.5σ confidence level.
most all the available high quality data-the so-called "concordance" model (Bahcall et al. 1999; Spergel et al. 2003) . Useful cosmological information has also been obtained from the Lyα forest, weak lensing, galaxy cluster, and large-scale peculiar velocity studies. It is remarkable that this diversity of observational data can be fully explained by a cosmological model that in its simplest form has only 5 − 6 free parameters (Liddle 2004; Tegmark et al. 2004) . As the future data sets will be orders of magnitude larger, leading to the extremely small statistical errors, any further progress is possible only in case we fully understand various systematic uncertainties that could potentially bias our conclusions about the underlying cosmology. As such, one should try to use observables that are least sensitive to the theoretical uncertainties, contaminating foregrounds etc. Currently the "cleanest" constraints on cosmological models are provided by the measurements of the angular power spectrum of the CMB. Since the underlying linear physics is well understood (see e.g. Hu 1995; Dodelson 2003) we have a good knowledge of how the angular position and amplitude ratios of the acoustic peaks depend on various cosmological parameters. However, the CMB data alone is able to provide accurate measurements of only a few combinations of the cosmological parameters. In order to break the degeneracies between the parameters one has to complement the CMB data with additional information from other independent sources e.g. the data from the type Ia supernovae, large-scale structure, or the Hubble parameter measurements. In fact, the well understood physical processes responsible for the prominent peak structure in the CMB angular power spectrum are also predicted to leave imprints on the large-scale matter distribution. Recently the analysis of the spatial two-point correlation function of the Sloan Digital Sky Survey (SDSS) Luminous Red Galaxy (LRG) sample (Eisenstein et al. 2005) , and power spectra of the 2dF (Cole et al. 2005) and SDSS LRG (Hütsi 2006 ) redshift samples, have lead to the detection of these acoustic features, providing the clearest support for the gravitational instability picture, where the large-scale structure of the Universe is believed to arise through the gravitational amplification of the density fluctuations laid down in the very early Universe.
In the current paper we work out the constraints on cosmological parameters using the SDSS LRG power spectrum as determined by Hütsi (2006) . In order to break the degeneracies between the parameters we complement our analysis with the data from other cosmological sources: the CMB data from the W, and the measurement of the Hubble parameter by the HST Key Project 13 . We focus our attention on simple models with Gaussian adiabatic initial conditions. We further assume spatial flatness, and also negligible massive neutrino and gravitational wave contributions. This leads us to the models with 6 free parameters: total matter and baryonic matter density parameters: Ω m and Ω b , the Hubble parameter h, the optical depth to the last-scattering surface τ, the amplitude A s and spectral index n s of the scalar perturbation spectrum. 14 This minimal set is extended with the constant dark energy effective equation of state parameter w eff . We carry out our analysis in two parts. In the first part we use only the measurement of the acoustic scale from the SDSS LRG power spectrum as given in Hütsi (2006) . The analysis in the second part uses the full power spectrum measurement along with the covariance matrix as provided by Hütsi (2006) . Here we add two extra parameters: bias parameter b and parameter Q that describes the deformation of the linear power spectrum to the nonlinear redshift-space spectrum. These extra parameters are treated as nuissance parameters and are marginalized over. Thus the largest parameter space we should cope with is 9-dimensional. 15 Since the parameter space is relatively high dimensional it is natural to use Markov Chain Monte Carlo (MCMC) techniques. For this purpose we use publicly available cosmological MCMC engine C 16 (Lewis & Bridle 2002) . All the CMB spectra and matter transfer functions are calculated using the fast Boltzmann code C 17 (Lewis et al. 2000) .
The paper is organized as follows. In Sect. 2 we describe the observational data used for the parameter estimation. Sect. 3 discusses and tests the accuracy of the transformations needed to convert the linear input spectrum to the observed redshiftspace galaxy power spectrum. In Sect. 4 we present the main 13 http://www.ipac.caltech.edu/H0kp/ 14 In fact, one might even consider a simpler case with only 5 free parameters by fixing n s = 1 (Liddle 2004) . 15 Since marginalization over the bias parameter can be done analytically (Bridle et al. 2002) the actual number of parameters can be reduced to 8. 16 http://cosmologist.info/cosmomc/ 17 http://camb.info/ results of the cosmological parameter study and we conclude in Sect. 5.
Data
The SDSS LRG power spectrum as determined by Hütsi (2006) is shown with filled circles and heavy solid errorbars in Fig. 1 . There the upper data points correspond to the deconvolved version of the spectrum. 18 The thin solid lines represent the bestfitting model spectra, with the lower curve corresponding to the convolved case. As the survey window is relatively narrow the deconvolution can be done rather "cleanly". This deconvolved spectrum might be useful for the extra-fast parameter estimation employing analytic approximations for the matter transfer functions (Eisenstein & Hu 1998; Novosyadlyj et al. 1999 ) and fast CMB angular power spectrum generators such as CMBfit 19 (Sandvik et al. 2004) , DASh 20 (Kaplinghat et al. 2002) and CMBwarp 21 (Jimenez et al. 2004) . However, in this paper, as we use an accurate Boltzmann solver C to calculate CMB power spectra and matter transfer functions, the relative time taken by an extra convolution step is completely negligible. Thus in the following we use only the convolved spectrum. 22 Accurate analytic fitting formulae for the survey window functions can be found in Hütsi (2006) . 23 The power spectrum covariance matrix in Hütsi (2006) was measured from 1000 mock catalogs generated with the secondorder optimized Lagrangian perturbation calculation. The same paper also provides the measurement of the acoustic scale: (105.4 ± 2.3) h −1 Mpc. This corresponds to the case when only sinusoidal modulation, as expected in the case of adiabatic initial conditions, in the power spectrum is allowed. Relaxing this assumption by allowing an arbitrary phase shifts gave the result, (103.0 ± 7.6) h −1 Mpc, instead. In the following parameter estimation process we use both of these values. In Hütsi (2006) the measurement of the acoustic scale was achieved by first removing the "smooth" component of the spectrum and then fitting the parametrized family of functions to the oscillatory part via the modified version of the Levenberg-Marquardt method. The separation of the "smooth" and "oscillatory" components of the spectrum can be done rather accurately since the characteristic scales over which they change differ strongly. The Levenberg-Marquardt method which was used to determine the oscillation frequency approximates the likelihood surface near its maximum with a multidimensional Gaussian, and this way provides an approximate parameter covariance matrix. To avoid this "Gaussianity assumption" we have also performed a MCMC parameter estimation exercise, finding the best fitting acoustic scale along with its uncertainty in full agreement with the values quoted above. The question that might arise of 18 The deconvolution was performed using an iterative algorithm due to Lucy (1974) with a specific implementation as given in Lin et al. (1996) Hütsi (2006) . The upper data points provide the deconvolved version of the spectrum. The thin solid lines show the best-fitting model spectra.
course is how adequate is the parametric family that was used for fitting the oscillatory component? Even in the simplest case of the adiabatic initial fluctuations the damped sinusoidal modulation is only an approximation. We investigate the possible biases introduced by assuming a fixed parametric form for the oscillatory part of the spectrum in more detail in Sect. 4.2.
As mentioned in the Introduction, in order to break several degeneracies between the cosmological parameters, we complement the SDSS LRG power spectrum data with the data from the W CMB measurements. Specifically, we use the CMB temperature power spectrum as found in Hinshaw et al. (2003) and the temperature-polarization cross-power as determined by Kogut et al. (2003) . The description of the likelihood calculation using this data is given in Verde et al. (2003) . We use the Fortran90 version of this likelihood code as provided by the C package.
While investigating the constraints arising from the measurement of the acoustic scale we do not run each time the full new MCMC calculation. Instead we importance sample the chains built for the W data along with the constraint on the Hubble parameter as provided by the HST Key Project, H 0 = 72 ± 8 km/s/Mpc (Freedman et al. 2001 ). Using the W data alone would result in too loose constraints on several parameters, and thus after importance sampling a large fraction of the chain elements would get negligible statistical weight, leaving us with too small effective number of samples.
Power spectrum / acoustic scale transformation
In this section we discuss the relation of the observed galaxy power spectrum to the underlying spectrum of the matter distribution. We stress the need to take into account the so-called cosmological distortion 24 , which almost always is being com-pletely neglected. 25 This is fine for the very shallow surveys, but as we show later, for the samples like the SDSS LRGs, with an effective depth of z eff ∼ 0.35, the cosmological distortion should certainly be taken into account. This is especially important if power spectrum, instead of being well approximated by a simple power law, contains some characteristic features.
There are other difficulties one has to face while trying to make cosmological inferences using the observed galaxy samples. It is well known that galaxies need not faithfully follow the underlying matter distribution. This phenomenon is known as biasing (Kaiser 1984) . Whereas on the largest scales one might expect linear and scale-independent biasing (e.g. Coles 1993; Narayanan et al. 2000) , on smaller scales this is definitely not the case. In general the biasing can be scaledependent, nonlinear, and stochastic (Dekel & Lahav 1999) . The other complications involved are the redshift-space distortions and the effects due to nonlinear evolution of the density field. The redshift-space distortions, biasing, and nonlinearities can be approximately treated in the framework of the Halo Model approach as described in Appendix A. The implementation of the Halo Model as presented there introduces four new parameters: M low , the lower cutoff of the halo mass i.e. below that mass halos are assumed to be "dark"; α and M 0 , the parameters describing the mean of the halo occupation distribution i.e. the average number of galaxies per halo with mass M, which was assumed to have the form N|M = M M 0 α ; γ, the parameter describing the amplitude of the virial motions inside the haloes with respect to the isothermal sphere model. This formulation of the Halo Model, along with the assumption of the best-fit W cosmology , is able to produce a very good fit to the observed SDSS LRG power spectrum as demonstrated in Fig. 1 . Moreover, all the parameters: M low , α, M 0 , γ, are reasonably well determined. It turns out that to a good approximation these four extra parameters can be compressed down just to a single parameter Q, describing the deformation of the linearly evolved spectrum:
Here b is the bias parameter and a good value for η turns out to be 3 2 . A similar type of parametric description for the galaxy power spectrum was also used in Cole et al. (2005) , with a slight difference for the treatment of the largest scales. In that paper the authors suggest to take η = 2. However, we have found that η = 3 2 provides a better approximation for these 4-parameter Halo Model spectra. 26 This is demonstrated in the upper panels of Figs. 2 and 3. There we have calculated a full range of Halo Model spectra (assuming the W "concordance" cosmology) for different values of M low , α, M 0 , and γ, drawn from the multidimensional Gaussian centered around assume some background cosmological model -the fiducial cosmology. If the true underlying cosmology differs from the fiducial model we are left with a distortion of the power spectrum, which is often called the cosmological distortion. 25 According to our knowledge the only counter-example being the work by Eisenstein et al. (2005) . 26 At least if the spectra have shapes close to the observed SDSS LRG spectrum. (1) with η = 3 2 . The set of Halo Model parameters M low , α, M 0 , and γ, needed to calculate the "exact" spectra, were drawn from the multidimensional Gaussian distribution centered at the best-fit values and with a covariance matrix as found in Hütsi (2006) . The heavy dashed lines mark the 5% and 95% quantiles of the relative accuracy distributions. Lower panel: Filled circles with solid errorbars provide the SDSS LRG power spectrum. The data points are connected with a smooth cubic spline fit. The other set of lines represents some examples of the pairs of spectra that correspond, starting from below, to the best matching case, to the 68%, and to the 90% quantiles of the distribution of the χ 2 values. The solid lines show the Halo Model spectra while the dashed ones are the approximations from Eq. (1). the best-fitting values and with the parameter covariance matrix as found in Hütsi (2006) . Each of the calculated models is fitted with a simple parametric form as given in Eq. (1). The upper panels of Figs. 2 and 3 represent the density plots for the fractional accuracy of these simple fits i.e. for each wavenumber k they show the probability distribution functions for the achieved relative accuracy. With the heavy dashed lines we have also marked the 5% and 95% quantiles of the accuracy distributions. It is evident that η = 3 2 provides significantly better approximation to the spectral deformation than η = 2. The largest errors are seen to be located at the positions of the acoustic features, with a simple approximation in Eq. (1) giving larger oscillation amplitudes. The Halo Model gives lower oscillation amplitudes since relatively flat contribution from the 1-halo term added to the 2-halo part starts to decrease the contrast of the acoustic features, whereas the multiplicative transform in Eq. (1) preserves the contrast level of these wiggles. In the lower panels of Figs. 2 and 3 we have provided some examples of the pairs of spectra that correspond (staring from below) to the best matching case, and also the ones representing the 68% and 90% quantiles of the distribution of the χ 2 values. The solid lines here correspond to the Halo Model calculations. For comparison also the SDSS LRG power spectrum along with the cubic spline fitted to the data points are shown. For clarity slight vertical shifts have been applied to the model spectra. As can be seen, the approximation in Eq. (1) is rather acceptable in the light of the accuracy of the SDSS LRG power spectrum measurement. This approximation is used in Sect. 4.3 where we fit the model spectra to the SDSS LRG data.
The cosmological distortion, mentioned in the beginning of this section, arises due to the simple fact that conversion of the observed redshifts to comoving distances requires the specification of the cosmological model. If this cosmology differs from the true one, we are left with additional distortion of distances along and perpendicular to the line of sight. In general, the spatial power spectrum measurements, in contrast to the angular spectra, are model dependent i.e. along with the measurements of the 3D power spectrum one always has to specify the so-called fiducial model used to analyze the data. The fiducial model corresponding to the data shown in Fig. 1 is the best-fit W "concordance" model . In principle, for each of the fitted cosmological model one should redo the full power spectrum analysis to accommodate different distance-redshift relation. However, there is an easier way around: one can find an approximate analytical transformation that describes how the model spectrum should look like under the distance-redshift relation given by the fiducial model i.e. instead of transforming the data points we transform the fitted model spectra. Since the distance intervals along and perpendicular to the line of sight transform differently, the initial isotropic theoretical spectrum P transforms to the 2D spectrum:
where the distortion parameters along and perpendicular to the line of sight are defined as:
Here H(z) is the Hubble parameter and d ⊥ (z) is the comoving angular diameter distance corresponding to the fitted theoretical model. Superscript fid refers to the fiducial model. Here and in the following we use a tilde on top of P to denote theoretical spectrum "transformed to the reference frame of the fiducial cosmology". As we use the spectra that have the dimensions of volume an extra division by c (z) · c 2 ⊥ (z) occurs due to the transformation of the volume elements:
By introducing the variables
we can express P 2D as follows:
Now the corresponding isotropized spectrum can be given as:
As the observations are done along the light-cone we have to perform relevant integrals along the redshift. The full treatment for the light-cone effect can be found in ; . As we are investigating a twopoint function, an accurate light-cone calculation would introduce two integrals over the redshifts (Matarrese et al. 1997; ). However, it turns out that to a good approximation, excluding the very largest scales, the contributions from different redshifts decouple and the double integral reduces to a simple one-dimensional integral over redshift. The final result for the P(k; z), averaged over the light-cone can be given as:
Here the result of has been generalized to include other weight factors in addition to the simple number density weighting. The most common weight functions W(z) are the following:
for volume weighting const for number weighting
for the FKP weighting .
Here FKP stands for the weighting scheme due to Feldman et al. (1994) . The power spectrum measurement of the SDSS LRGs in (Hütsi 2006) used the FKP weighting function. In Eqs. (9) and (10)n(z) represents the mean number density of galaxies as a function of redshift. For the SDSS LRG sample analyzed in Hütsi (2006) the limiting redshifts z min = 0.16 and z max = 0.47. If instead of the integral over z in Eq. (9) we just take the integrand at the effective redshift (e.g. the median redshift) of the survey, and replace the distortion parameters c and c ⊥ with a single "isotropized" dilation of scales (see e.g. Eisenstein et al. 2005) :
we can write instead of Eq. (9) simply
Here the prefactor 1/c isotr can also be dropped, as it can be absorbed into the bias parameter that is assumed to be a completely free parameter throughout this paper. Although the true transformation for the power spectrum is different along and perpendicular to the line of sight, and also is dependent on redshift, it turns out that a single dilation approximation taken at the median redshift of the survey can provide a very good approximation, especially for relatively shallow surveys. For the median redshift of the SDSS LRG sample as analyzed in Hütsi (2006) , z ∼ 0.35, this approximation is very accurate as can be seen in Fig. 4 . The upper panel of Fig. 4 shows a similar density plot as in Figs. 2 and 3. Here, in comparison to Figs. 2 and 3 where the background cosmology was fixed to the best-fit W model and the Halo Model parameters were varied, we use the simple linear spectra while changing the cosmology. The set of cosmological models is drawn from the combined posterior corresponding to the W plus HST Key Project data. As can be seen from this figure, for relatively shallow surveys the single "isotropized" dilation approximation is very precise: for ∼ 90% of the models the approximation in Eq. (12) is more accurate than 0.5%. This is even more clear when looking at the lower panel of Fig. 4 where we have plotted the pairs of spectra corresponding to the best matching case, and also some examples representing 68% and 90% quantiles of the distribution of the χ 2 values. As can be seen, even the pair of curves corresponding to the 90% quantile, are basically indistinguishable. In Fig. 5 we have illustrated the case when the cosmological distortion is ignored. One can see that for ∼ 90% of cases we make relative errors of ∼ 6%, which is comparable to the amplitude of the acoustic oscillatory features. The lower panel of Fig. 5 presents pairs of spectra for 68% and 90% quantiles of the χ 2 values. The inset shows the probability distribution function for the "isotropized" dilation scale, as given in Eq. (11), compatible with the W plus HST Key project constraints. Since the values of c isotr are quite often seen to differ from c isotr = 1 by 5 − 10%, it is clear that the cosmological distortion has to be taken into account if the power spectrum is measured as accurately as given by the SDSS LRG data points in the lower panel of Fig. 5 . 
Results

W + HST data
As a starting point for several subsequent calculations we build a Markov chain using the W temperature-temperature ) and temperature-polarization (Kogut et al. 2003) angular spectra in combination with the constraint on the Hubble parameter from the HST Key Project (Freedman et al. 2001) . The results for the 2D marginalized distributions for all of the involved parameter pairs are shown in Fig. 6 . Here the 68% and 95% credible regions are shown by solid lines. The original MCMC calculation as performed by the C software uses the variable θ -the angle subtended by the sound horizon at last scatteringin place of the more common Hubble parameter H 0 . This leads to the better mixing of the resulting chain since θ is only weakly correlated with other variables (Kosowsky et al. 2002) . The proposal distribution for all of the MCMC calculations carried out in this paper is taken to be a multivariate Gaussian. For the current W + HST case we have used the CMB parameter covariance matrix as provided by the C Fig. 6 . The 2D marginalized distributions for the W + HST data.
package. All of the seven default parameters here get implicit flat priors. The marginalized distributions in Fig. 6 are derived from a 100, 000-element Markov chain. As there is a very good proposal distribution available the chains typically equilibrate very fast and only a few hundred first elements need to be removed to eliminate the effects of the initial transients. We determine the length of this so-called burn-in period using the Gibbsit 27 software (Raftery & Lewis 1995) . The same program can also be used to estimate the length of the Markov chain required to achieve a desired accuracy for the parameter measurements. As a test one can run initially a short chain of a few thousand elements and analyze it with Gibbsit. It turned out that in the current case if we would like to achieve a 1.25% accuracy at 95% confidence level for the measurement of the 2.5% and 97.5%-quantiles of the most poorly sampled parameter, we would need a chain of ∼ 25, 000 elements. Thus according to this result our 100, 000 element chain is certainly more than sufficient. Of course, all the various tools for diagnosing the convergence and for estimating the required chain length 28 are just some more or less justified "recipes" that can lead to strongly incorrect results, especially in cases of poorly designed proposal distributions. Luckily, in cosmology as we have a very good knowledge about the possible parameter degeneracies, and also as the parameter spaces are relatively low dimensional, the construction of very good samplers is not too difficult.
In the following subsections we use this W + HST chain for the very fast determination of the parameter constraints resulting from the additional measurement of the SDSS LRG acoustic scale. The same chain was also used to produce Figs. 4 and 5. 27 http://www.stat.washington.edu/raftery/software.html 28 For a lot of online material related to these issues see http://www.statslab.cam.ac.uk/∼mcmc/ . 
Constraints from the measurement of the acoustic scale
The low redshift acoustic scale as measured via the analysis of the SDSS LRG power spectrum was found to be (105.4 ± 2.3) h −1 Mpc if adiabatic initial conditions were assumed (i.e. allowing only for the sinusoidal modulation in the spectrum), and (103.0 ± 7.6) h −1 Mpc if this assumption was relaxed by allowing additional oscillation phase shifts (Hütsi 2006) . These measurements refer to the W best-fit cosmology ) which was used to analyze the SDSS LRG data. In Sect. 3 we have described accurate transformations needed to accommodate other background cosmologies. In the following we use SH1 and SH2 to denote the sound horizon measurements of (105.4 ± 2.3) h −1 Mpc and (103.0 ± 7.6) h −1 Mpc, respectively. In this section we investigate the constraints on cosmological parameters using the above given values for the sound hori-zon in combination with the W data. To speed up the calculations we do not build new Markov chains from scratch, instead we apply the method of importance sampling on the earlier calculated W + HST chain. It is fine to use importance sampling if new constraints are not too constraining and are consistent with the earlier generated chain. Having a measurement of the acoustic scale s 29 with an error ∆ s, importance sampling simply amounts to multiplying each original sample weight by
where s model i denotes the theoretical sound horizon cprresponding to the i-th Markov chain element. The physical size of the sound horizon s at the end of the drag-epoch is is determined by the parameter combinations Ω m h 2 and Ω b h 2 i.e. physical densities of the CDM and baryonic components. Accurate fitting formulae for s can be found in Hu & Sugiyama (1996) ; Eisenstein & Hu (1998) . We have provided these in Appendix B where also the transformation into different cosmological frame is described. This transformation induces an extra dependence of the sound horizon s, as measured from the matter power spectrum, on h and w eff . For more details see Appendix B. The dependence of s at redshift z ∼ 0.35 on various parameters for spatially flat models around the best fitting W model point can be conveniently expressed as the following principal component:
As probably expected, for those relatively small redshifts by far the strongest dependence is on the Hubble parameter h.
To avoid any biases due to the approximate nature of the Eqs. (B.9),(B.10),(B.11), and also due to the specific method used to measure the oscillation frequency in the SDSS LRG power spectrum, we carry out the following Monte Carlo study. We draw ∼ 1000 samples from the W + HST chain by thinning it by a factor of ∼ 10. For each of the parameter combinations we calculate theoretical matter spectra using C. The oscillatory components of the spectra are extracted by dividing them with a "smoothed" approximate model spectra as given in Eisenstein & Hu (1998) . 30 The resulting "flattened" spectra are fitted with damped sinusoidal waves 31 and the sound horizon s fitted is determined via the Levenberg-Marquardt fitting technique. All the spectra are calculated at exactly the same wavenumbers as the data points given in Fig 1. The power spectrum covariance matrix is taken from the Appendix G of Hütsi (2006) . For each model the sound horizon s model is calculated using Eqs. (B.4), (B.5), (B.9), (B.10), (B.11). The comparison of s fitted versus s model is provided in Fig. 7 . In the upper 29 We use tilde to denote the quantities that are "tied to the" fiducial cosmological model used to analyze the data. 30 The separation of the oscillatory component and the underlying smooth CDM continuum can be done very cleanly due to significantly different characteristic scales over which they change. The small residual deformations of the oscillatory part have negligible impact on the inferred oscillation period. 31 For a precise parametric form see Hütsi (2006) . panel we have plotted s fitted − s model . As can be seen there is a slight tendency for the fitted values s fitted to be larger than s model . After removing the constant bias of 0.77 h −1 Mpc the remaining fluctuations are 0.5%, which is demonstrated in the lower panel of Fig. 7 . This plot is an analog to the earlier density plots shown in Figs. 2, 3, 4 , 5. Here the dashed lines show the region covering 68% of all the cases. One might even go a step further and instead of removing only a constant offset, remove also the next order i.e. the linear component. This more accurate treatment has probably rather negligible effect on the final results, since around the measured sound horizon values of ∼ 105 h −1 Mpc the accuracy after removing the constant offset is already ∼ 0.2 − 0.3%, which is an order of magnitude smaller than the measurement errors of 2.3 − 7.6 h −1 Mpc.
Using this correction for the bias and the method to calculate the theoretical size of the sound horizon at the end of the drag-epoch, as presented in Appendix B, we can immediately perform the relevant reweighting of the W + HST chain (see Eq. (13)). It turns out that relatively large fraction of the W + HST chain elements "survive" this reweighting procedure, justifying the use of the importance sampling method. In particular, for the SH2 case we are left with ∼ 36, 000, and for the SH1 ∼ 12, 000 samples. The results of this calculation in the form of the 2D marginalized distributions is presented in Figs. 8 and 9. Here Fig. 8/9 corresponds to the SH1/SH2 case. In comparison to the analogous Fig. 6 the most dramatic changes are for H 0 and w eff , whereas the rest of the parameters stay essentially the same. The HST constraint for the initial W chain was just implemented in order not to loose too many samples in current importance sampling calculations. As can be seen, the new constraints on H 0 are significantly stronger than the one provided by the HST. In Fig. 8 due to somewhat lower number of samples (∼ 12, 000) the contours start to become more noisy. Earlier we estimated that the measurement of the 2.5% and 97.5% quantiles with an accuracy of 1.25% at 95% CL requires ∼ 25, 000 samples. So is this 12, 000 enough for the parameter estimation purposes? To test that we have also performed a full MCMC calculation from scratch (with 100, 000 samples) using W data along with a sound horizon measurement SH1. The results of this calculation are shown in Fig. 10 . The contours in Fig. 8 although being noisier are very similar to the ones in Fig. 10 . In fact the corresponding 1D distributions are practically indistinguishable. This shows that the initial use of importance sampling was indeed justified.
Constraints from the full power spectrum
Using the W data and the SDSS LRG power spectrum as shown in Fig. 1 along with the power spectrum transformation and an additional new parameter Q, as described in Sect. 3, we build a 100, 000 element Markov chain in the 8-dimensional parameter space. The resulting 2D parameter distribution functions are shown in Fig. 11 . Here we see that in several cases distributions start to become doubly-peaked. Also the constraints on H 0 and w eff are weaker than the ones obtained in the previous subsection. On the other hand, now a rather strong constraint has been obtained for Ω cdm h 2 . Even stronger constraint Fig. 6.   Fig. 9 . The same as Fig. 8 , only for the sound horizon measurement (103.0 ± 7.6) h −1 Mpc (SH2).
(not shown in the figure) is obtained for Ω m h-the shape parameter Γ. This just illustrates the the well-known fact that the shape of the matter power spectrum is most sensitive to Γ. The new parameter Q, describing the deformation of the linear spectrum to the evolved redshift-space galaxy power spectrum, is seen to be significantly degenerate with several parameters e.g. Ω b h 2 , n s , τ, A s . On the other hand it does not interfere too strongly with H 0 .
It might seem strange that using the full data we obtain weaker constraints on H 0 and w eff . But after all, we should not be too surprised, since our understanding of how the linear spectrum is deformed to the evolved redshift-space power spectrum is rather limited. Here we were introducing an additional parameter Q, which starts to interfere with the rest of the parameter estimation. Also one should remind that maximum likelihood is the global fitting technique i.e. it is not very sensitive to specific features in the data. On the other hand, modeling of the oscillatory component of the spectrum does not call for any extra parameters. Also the underlying physics is much better understood. In fact, the observable low redshift acoustic scale is determined by four parameters only: Ω m h 2 , Ω b h 2 , w eff and h. The optimal data analysis of course should incorporate both components: (i) general shape of the spectrum i.e. low frequency components, and (ii) oscillatory part, with appropriate weightings. It is clear that in the current "full spectrum" maximum likelihood analysis the acoustic features are weighted too weakly.
One dimensional distributions
To compare the measurements of the parameters in a more clear fashion we provide in Fig. 12 several 1D marginalized distributions. The 68% and 95% credible regions along with the medians of these distributions are provided in Table 1 . Here the parameters Ω b h 2 , Ω cdm h 2 , θ, τ, w eff , n s , A s and Q (the last in case of the full spectrum analysis only) are primary parameters as used in the MCMC calculations. All the rest: Ω Λ , t 0 , Ω m , z reion , H 0 , q 0 , j 0 are derived from these. Here t 0 is the age of the Universe, q 0 the deceleration parameter and j 0 the so-called jerk (see e.g. Blandford et al. 2005) at z = 0. The deceleration parameter q 0 and jerk j 0 are introduced as usual via the Taylor expansion of the scale factor: Fig. 11 . The 2D marginalized distributions from the W + SDSS LRG full power spectrum MCMC calculation. Fig. 12 . The 1D posterior distributions for several cosmological parameters. Solid, dash-dotted, dashed, and dotted lines correspond to the W + HST, W + SDSS LRG SH1, W + SDSS LRG SH2, and W + SDSS LRG full power spectrum cases, respectively. The compact summary of these results can be found in Table 1 .
From Fig. 12 we can see that many parameters stay essentially the same as determined by W + HST data. On the other hand, a new precise measurement of H 0 , thanks to the measurement of the low redshift sound horizon along with strong constraints on Ω b h 2 and Ω cdm h 2 from the CMB data, helps to determine Ω m (as well as Ω b and Ω cdm separately) rather precisely. The same applies to the case of the full spectrum analysis, which provides us with a good estimate for the shape parameter Γ = Ω m h. In both cases also the constraint on w eff is significantly improved. New improved limits on Ω m and w eff immediately transform to better constraints on q 0 and j 0 (see Appendix C). For the "vanilla" ΛCDM model with w = −1 the jerk parameter j 0 = 1. We can see that at the moment jerk is still rather poorly constrained. Using only the observational data whose nature is very well understood, namely the CMB power spectra along with the low redshift sound horizon measurement, we get very strong support for the accelerating Universe (i.e. q 0 < 0). The values q 0 > 0 are ruled out by 1.4σ, 2.9σ and 5.5σ in case of the W + HST, W + SDSS LRG SH2 and W + SDSS LRG SH1, respectively. 32 Of course, one has to remind that current analysis assumed flat spatial sections.
Most interesting constraints
We have shown that by adding the SDSS LRG clustering data to the W results we can get significantly tighter constraints on H 0 , Ω m and w eff (or q 0 and j 0 ) than from the W + HST analysis alone. The comparison of the obtained limits on parameters H 0 , Ω m and w eff is provided in Fig. 13 . The largest error contours in both upper and lower group of panels correspond to W + HST, while the tightest to the W + SDSS LRG SH1 case. In the upper group of panels we have additionally given the constraints for the W + SDSS LRG SH2 case, whereas the lower group provides extra limits from the full spectrum + W analysis. In addition, in each of the panels we have given the degeneracy lines corresponding to the principal component given in Eq. (14) . 33 In Ω m − H 0 plane we have additionally plotted the lines corresponding to Ω m h 2 = const and Γ ≡ Ω m h = const. These are the combinations well determined by the CMB data and by the general shape of the matter power spectrum, respectively. As is evident from Fig. 13 , the principal direction of the low redshift sound horizon constraint is always almost perpendicular to the corresponding W + HST error contours, demonstrating the high level of complementarity of this new measurement. For the spatially flat models with constant dark energy equation of state parameter there exists a unique relation between parameter pairs (Ω m , w eff ) and (q 0 , j 0 ) (see Appendix C). Fig. 14 presents similar plots to Fig.  13 , now only for the parameter triad (H 0 , q 0 , j 0 ) instead. The 
7 free parameters 7 free parameters 8 free parameters parameters shown in Figs. 13 and 14 are the ones that determine the low redshift expansion law. Introducing the look-back time t lb = t 0 − t, where t 0 is the age of the Universe at z = 0, one can find for the redshift:
The precise calculation for the look-back time as a function of redshift is shown in Fig. 15 . Here the upper panel shows the 2σ regions corresponding to the W + HST and W + SDSS LRG SH1, respectively. The inset in the upper panel displays these regions after dividing by the look-back time corresponding to the best-fit W cosmology. Here in addition to the 2σ contours also 1σ regions are given. It is evident that the low redshift sound horizon measurement has helped to determine the recent expansion history of the Universe with much greater accuracy than available from the W + HST data alone. Of course, this is largely due to the much tighter constraint obtained for the Hubble parameter. The lower panel in Fig. 15 shows a similar plot than the inset in the upper panel. Here we have given only the 1σ regions as a function of redshift for (starting from the bottommost) the W + HST, W + SDSS LRG full spectrum, W + SDSS LRG SH2 and W + SDSS LRG SH1 cases.
Discussion and Conclusions
In this paper we have performed a MCMC cosmological parameter study using the results from the recent SDSS LRG power spectrum analysis by Hütsi (2006) along with the CMB temperature-temperature and temperature-polarization angular power spectra as determined by the W team Kogut et al. 2003) . We have carried out the analysis in two parts: (i) using the W data + the measurement of the low redshift sound horizon as found from the SDSS LRG redshift-space power spectrum, (ii) using the W data + full SDSS LRG power spectrum as shown in Fig. 1 . As the formation of the acoustic features in the large-scale matter distribution is theoretically very well understood the separate treatment for the oscillatory part of the LRG power spectrum is well justified. Moreover, in comparison to the full power spectrum, which along with the dependence on several cosmological parameters requires additional modeling of the redshift-space distortions, nonlinear evolution, and biasing 34 , the acoustic scale depends on only a few cosmological parameters. The CMB measurements calibrate the physical scale of the sound horizon to a very good accuracy. By comparing it with the scale inferred from the low redshift LRG power spectrum measurements, we are able to get a very tight constraint on the Hubble parameter: h = 0.708 +0.019 −0.018 if assuming adiabatic initial conditions, or h = 0.701 +0.036 −0.034 if additional shift in oscillation phase is allowed. Having a tight constraint on h allows us to break several parameter degeneracies, and thus helps us to determine various parameters like Ω m , Ω cdm , Ω b with a good precision. Also, in comparison to the W + HST data, a significantly 12 G. Hütsi: SDSS LRG cosmological parameters tighter constraint on w eff is obtained. The full results for all the parameters are summarized in Table 1 . The obtained values are in general in a good agreement with several other parameter studies e.g. Percival et al. (2002) ; Spergel et al. (2003) ; Tegmark et al. (2004) . Relatively tight bounds on (H 0 , Ω m , w eff ) or equivalently on (H 0 , q 0 , j 0 ) help us to determine the low redshift expansion law with significantly higher precision than available from the W + HST data alone. If the initial fluctuations are constrained to be adiabatic, the measurement of the acoustic scale rules out a decelerating Universe, i.e. q 0 > 0, at 5.5σ confidence level.
In contrast to the acoustic scale measurement, that gave a precise value for the Hubble parameter, the full spectrum provides us with a good estimate for the shape parameter Γ ≡ Ω m h = 0.207 +0.011 −0.012 , which is in a very good agreement with the one found in Tegmark et al. (2004) . Since in the Ω m − h plane the Γ ≡ Ω m h = const line (see Fig. 13 ) is only relatively weakly tilted with respect to the relevant CMB degeneracy direction Ω m h 2 = const, the obtained limits on Ω m and h are not as strong as the ones obtained from the measurement of the acoustic scale. In contrast, the degeneracy lines corresponding to the low redshift acoustic scale measurement are in many cases almost orthogonal to the W + HST "ellipses", which explains the stronger constraints for several parameters.
In this paper we have also stressed the need to apply cosmological transformations to the theoretical model spectra be- fore being compared with the relevant observational spectrum, which is valid only in the reference frame of the fiducial cosmological model that was used to analyze the data. So far almost all the parameter studies have completely ignored this point, which is probably fine for the shallow redshift surveys. On the other hand, in case of more deeper surveys like the SDSS LRG, reaching z ∼ 0.5, these transformations have to be certainly applied. In general the line intervals along and perpendicular to the line of sight transform differently. Also the transformations depend on redshift. We have shown that for the samples like SDSS LRGs, with a typical redshift of z ∼ 0.35, the single "isotropized" transformation taken at the median redshift of the survey provides a very accurate approximation to the more complete treatment.
For the parameter estimation we have used the SDSS LRG power spectrum down to the quasilinear scales, which calls for the extra treatment of nonlinear effects, small scale redshiftspace distortions and biasing. These additional complications can be relatively well dealt with the aid of the Halo Model (see Appendix A). We have shown in Hütsi (2006) that a simple analytical model with additional four free parameters is able to approximate the observed spectrum to a very good precision. Also, the Halo Model has been shown to provide a good match to the results of the semianalytical galaxy formation studies (see e.g. Cooray & Sheth 2002) . In this paper we have shown that to a rather tolerable accuracy the above four extra parameter Halo Model spectra (for reasonable values of the parameters) can be represented as a simple transformation of the linear power spectrum with only one extra parameter (see Fig. 2 ). The similar type of transformation was also used in Cole et al. (2005) .
In order to investigate the possible biases introduced by the specific method used to extract the sound horizon from the power spectrum measurements, we have performed a Monte Carlo study, the results of what are shown in Fig. 7 .
Finally, we remind that the current parameter study using the joint W and SDSS LRG data assumed only spatially flat models. The parameter study including arbitrary curvature and also possible massive neutrino component is planned for the future work.
